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Abstract

We propose to measure with CLAS and the photon tagger in Hall B of Jefferson Lab the
observables do/dQ), ¥, T, P, E, F, G, and H in n-photoproduction, using a polarized photon
beam and polarized target. The measurements will span the range of W from 1.6 to 2.0 GeV
with angular distributions spanning cosf. . from —0.9 to 0.9. The data obtained will pro-
vide information essential to understanding the nucleon resonance spectrum. The experiment
requires the construction of a frozen spin target for use with CLAS.



Motivation

Among the most exciting and challenging topics in subnuclear physics today is the study of the
structure of the nucleon and its different modes of excitation, the baryon resonances. Initially, most
of the information on these excitations came primarily from partial wave analyses of data from 7N
scattering. Recently, these data have been supplemented by a large amount of information from
pion electro- and photoproduction experiments. Yet, in spite of extensive studies spanning decades,
many of the baryon resonances are still not well established and their parameters (i.e., mass, width,
and couplings to various decay modes) are poorly known. Much of this is due to the complexity
of the nucleon resonance spectrum, with many broad, overlapping resonances coupling to the 7IV
channel.

While traditional theoretical approaches have highlighted a semi-empirical approach to under-
standing the process as proceeding through a multitude of s-channel resonances with a nonreso-
nant background (as discussed in, for example, Ref. [1]), more recently attention has turned to
approaches based on the underlying constituent quarks. An extensive review of the quark models
of baryon masses and decays can be found in Ref. [2]. While these quark approaches are more
fundamental and hold great promise, all of them predict many more resonances than have been
observed, leading to the so-called “missing resonance” problem.

Additional progress in pinning down the details of the nucleon resonance spectrum can be
made by looking at reaction channels and observables which select particular resonances from the
spectrum. In this regard, photoproduction of 77-mesons provides a valuable “isospin filter” for the
baryon resonance spectrum. Because of the quantum numbers of the n-meson this process directly
couples only to isospin I = % resonances. This has led to significant activity in recent years on
electro- and photoproduction of these mesons.

While these experiments have established that the S;;(1535) resonance dominates the reac-
tion near threshold, there are nonetheless many questions concerning its properties, such as why
the S11(1535) couples to n/N channel so strongly while higher mass resonances couple so weakly.
Furthermore, as more data have become available from 7 production, comparisons with properties
determined from pion production results have revealed apparent discrepancies. Two such examples
involve the helicity amplitudes for this resonance, which had been thought to be well established
with the existing pion photoproduction data. As pointed out in the last edition of the Review of
Particle Physics[3], fits to n photoproduction data have given N+ amplitudes for S11(1535) that are
substantially larger than those extracted from fits to m-production data. More recent analyses [4, 5]
have considered the sensitivity of this reaction to contributions from the D;3(1520). The ratio of
D13(1520) — Ny amplitudes A3/,/A;/, was found to be —2.5+0.5+0.4 in[4] and —2.1+0.2 in [5].
Results inferred from 7 photoproduction are about a factor of three larger in magnitude[6]. The
1 photoproduction result is particularly surprising, as the D;3(1520) has a very clean resonance
signature in 7 photoproduction. Thus, despite the dominance of the S11(1535) resonance near
threshold, its relatively large cross section, and the growing database from 7 electro- and photo-
production experiments, our understanding of this resonance remains ambiguous, even though it is
assigned a “4 star” status by the Particle Data Group.

Our knowledge for the coupling of higher mass N* resonances to the n/N channel is much more
limited. Table 1, taken from the Particle Data Group Review of Particle Physics, illustrates very
well the current status of our knowledge of the N* resonances: Only two of the 22 suggested N*
resonances have more than one “star” for the nN channel, whereas 14 of those 22 resonances are
known in the 7N with three or four stars.

One of the obstacles in determining the couplings of the baryon resonances to N7 is that the
coupling is generally very small. As a result, differential cross section data, though helpful, still pro-



Table 1. The status of the N and A resonances. Only those with an
overall status of #*x or s+ are included in the main Baryon Summary
Table.

Status as seen in —

. Overall _
Particle Lgj.oystatus N7 Nn AK XK Am Np Ny

N(939)  Ppp ek

N(1440) Py sk sokokk ok sk ok sk
N(1520) Dyz sk sokkk ok Fokkk okkk kkokk
N(1535) S11 skok sk kokok * *% *kk
N(1650) S11  sokok kK Fkk ok sokk ok Fokok
N(1675) Dys  sokks fkkk K * sokokk ok Feokokok
N(1680) Fis  swokk Kkkok skkk kR RFokk
N(1700) Dyz %k *kk Kk *k * *ok * *ok
N(1710) Pyp sk fkk Ak *k * Fok * Fkok
N(1720) Py3 sk Fkkk K Fk * * *k *k
N(1900) Pyz sk *k *

N(1990) Fiz % Hok * * * ¥
N(2000) Fis #x *ok * * * * Kok
N(2080) Diz  #x *ok * * *
N(2090) Si1 * *

N(2100) P11 * * *

N(2190) Gir sk HRkK ok * * * *
N(2200) D5 *+ *k * *

N(2220) Hyg swokk Kkkk ok

N(2250) Gig wokk p—

N(2600) I;11 %k ook

N(2700) Kqi3 #* *k

vide a very limited exploitation of this “isospin filter” tool. Despite these small couplings, however,
these resonances should reveal themselves more clearly through the interference of amplitudes best
isolated with polarization observables. The formalism and terminology for the various polarization
observables of interest in n photoproduction are described in the Appendix.

To estimate the sensitivities of these different observables to the presence of different resonances,
we have used predictions from the ETA-MAIDJ[1] calculations. Figure 1 shows predictions for all
observables from the polarized beam/polarized target (denoted BT in the Appendix) group. The
calculations shown include the S11(1535), S11(1650), P11(1710), Pi3(1720), D13(1520), D13(1700),
D15(1675), and F15(1680) resonances (full model calculation). Then, we “turned off” the D;5(1675)
resonance, resulting in the calculations shown in Fig. 2. To see the resulting changes more clearly,
Fig. 3 illustrates the difference in the two calculations. The differential cross section differences are
rather small, but one can see that, despite the rather small coupling (~ 0.001) to the N7 channel,
the effect on polarization observables can be very large, up to 0.5.

Admittedly, this comparison has some limitations, but qualitatively this simple difference gives
an idea about the sensitivity with which polarization observables permit the process to be probed.
While the calculation was not refit to the data with this resonance turned off, the very small
differences in the differential cross section indicate those data alone cannot provide a test as stringent
as the polarization observables.

Figure 4 shows the coverage in photon energy, E,, and scattering angle, 0., , of the available
experimental data on 7 photoproduction. The left-hand panel contains points indicating where
differential and total cross sections exist. The database is dominated by three experiments: data
from TAPSI[7] near threshold (green triangles), data from GRAAL[8] (blue squares) and our new
data from CLAS[9] (red circles), which will be discussed later. The right-hand panel similarly
shows available polarization data, dominated by two data sets: beam asymmetry, ., measurements
from GRAALJ10] (blue squares) and target asymmetry, 7', measurements from ELSA[11] (green
diamonds). Besides these five experiments that contribute the majority of the data, there are
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Figure 1: Predictions of ETA-MAIDI1] for all polarization observables from the polarized photon

beam/polarized target group of experiments.
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Figure 2: Same as Fig. 1 without the D15(1675) nucleon resonance.
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Figure 3: Difference between Figs. 1 and 2.
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Figure 4: World database for n photoproduction.

several other experiments. Their data are shown by black circles. One can see that the coverage
for cross sections in photon energy and scattering angle is now rather good from threshold and
up to 2 GeV, with the exception of the most forward and most backward angles. On the other
hand, polarization observables have been mainly measured in the region of S11(1535) resonance.
Above that resonance exists a “desert” where models have considerable ambiguity, since many
combinations of resonances can account for the available cross section data. Consequently, it is not
surprising that we know little about the coupling of resonances above W = 1.6 GeV to Nn. With
cross sections alone, there simply is insufficient information to constrain models in order to extract
resonance parameters.

Using CLAS and the photon tagger, we have, as noted above, provided new data on the dif-
ferential cross sections for the reaction yp — np [9]. These new data illustrate the limitations of
cross sections alone. The measured differential cross sections are presented in Fig. 5. In general,
agreement between the new CLAS data and previous experiments is very good. This new data set
extends to the previously unmeasured range of W from 1.7 to 2.1 GeV.

Figure 6 shows a comparison of the estimated total cross section with new predictions from
both ETA-MAID[1] (REM) and from the chiral quark model of Saghai and Li[12] (xQM). The
preliminary results of this new ETA-MAID fit generally reproduce the shapes of the observed cross
sections quite well, including the forward peak seen at the highest energies, usually interpreted to
be due to t-channel processes. However, while the REM shapes mimic what we observed, those
calculations fall below our differential cross sections around W=1.85 GeV, and are somewhat above
our data at W >1.9 GeV. With respect to the new yQM predictions, those calculations are generally
in very good agreement with our data for W < 1.9 GeV. The inclusion of a third S7; resonance not
predicted by the SU(6)®0(3) quark model in these preliminary calculations, with a mass 1.79 GeV
and width of 250-350 MeV, markedly improved the fit to our data[12]. The agreement between
our data and the yQM around W=1.85 GeV is considerably better than with the REM results.
However, above W=1.9 GeV, the xQM approach begins to fall below our data, and the shapes
predicted are inconsistent with the peak at forward angles in the differential cross section as the
energy increases. This disagreement suggests additional resonances beyond those included in the
xQM approach may be needed, and ¢-channel contributions not incorporated directly in that model
may also be important.

These new cross sections certainly have provided some insight and direction into the these two
theoretical approaches. Both approaches show regions of greater and lesser success, and the choice
of which resonances are included in the ETA-MAID approach is particularly poorly constrained. It
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Figure 5: Differential cross section for yp — pn measured with CLAS. Other results from TAPS|7]
and GRAAL(8] are shown for comparison. Also shown are prediction from Refs. [1] (solid line) and
[12] (dashed line).

is worth reiterating that, as seen above, while the models are more or less successful in reproducing
the measured differential cross sections, they will be much more stringently tested with, for instance,
target asymmetries. Polarization observables are essential for making more progress.

Overall, there are 16 different polarization observables for real photon experiments, and there
are four independent helicity amplitudes. While several papers have been devoted to discussing
a so-called “complete experiment”[13, 14, 15|, there is no simple universal recipe on which, and
how many, observables need to be measured for an unambiguous amplitude reconstruction. In
general, if the unpolarized cross section and single spin observables ¥, P and T are measured
one can reconstruct moduli of all four complex helicity amplitudes. However, their relative phases
could not be unambiguously reconstructed. While single polarization observables are sensitive to
the moduli of amplitudes, double polarization observables reflect their interference and thus could
be used as a tool to measure their relative phases. As was shown in Ref. [14] in addition to
unpolarized cross sections and single spin polarizations 3., P and T, one needs at least four double
spin observables. It was also shown that if all four are from the same group (either BT, BR or
TR, as defined in the Appendix), ambiguities cannot be resolved. While the idea of a “complete
experiment” and direct amplitude reconstruction sounds very attractive, accomplishing this goal is
quite difficult: one needs to measure at least eight observables at each energy.

One method of extracting information from such data in a less model-dependent fashion than,
say, the ETA-MAID or xyQM approaches, is the partial wave analysis epitomized by the SAID
facility[6, 16]. Originally these analyses were developed for NN and wN processes, but they have
now been extended to meson (w7, K) electro- and photoproduction data. In this approach, each
of the helicity amplitudes is expressed in terms of multipoles. Multipoles, in turn, are functions of
photon energy with a few adjustable parameters. These parameters are determined from the best
fit to all available experimental data with some additional theoretical constraints. This approach
allows the incorporation into one data set all available observables from different experiments at
different energies and angles and account for their systematic uncertainties by means of adjustable



1 \ \
m CLAS
s GRAAL
or s TAPS .
8t ] — REM ]
7r i R
6, 4
95 f
3
\/47 _
@]
3, 4
2, 4
Ny
N L
AN
W“mm“m‘mm“m\m“
1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

Figure 6: Total cross section estimates. Results from TAPS[7] and GRAAL[8] are shown for
comparison. Curves are as in Fig. 5.

normalization factor specific for each experiment. Which multipoles must be included is not known
a priori. It depends on the experimental data. Polarization data are crucial for this procedure,
however, since without them, the solution is poorly constrained.

Proposed experimental program

Hall B provides a unique pair of instruments for these experiments: a large acceptance spectrometer
which allows detection of particles in a wide range of § and ¢, and a unique broad-range photon
tagging facility. Unpolarized, circularly-polarized and linearly-polarized tagged photon beams are
presently available:

e For unpolarized photon beams, the Hall B photon tagger provides a range in photon energies
from 20 to 95% of the incident electron beam energy. Most of the data taken thus far with
real photons in Hall B has used this setup, and this mode of operation is well understood.

e With a polarized electron beam incident on the bremsstrahlung radiator, a circularly-polarized
photon beam can be produced. For the photon energy range from 50 to 95% of the incident
electron beam energy, the degree of circular polarization of the photon beam varies from 60
to 99% of the incident electron beam polarization.

e A linearly-polarized photon beam is produced by the coherent bremsstrahlung technique,



using an oriented diamond crystal as a radiator. This technique was successfully used during
the CLAS-g8a running period. The degree of linear polarization depends on the fractional
photon beam energy and collimation, and can be as high as 90%.

What is missing in Hall B for this experiment, however, is a polarized target for CLAS. With
a frozen spin target for CLAS, the possibility will exist to have both transverse and longitudinal
polarization. With such a target, we will be able to measure all single spin and all double spin
observables from the beam/target group, for a total of eight observables: do/dQ2, ¥, T, P, E, F, G,
and H. (The other two groups of experiments (BR and TR) are not feasible with CLAS because
it is not possible to put recoil polarimeter inside CLAS.)

[We note in passing that, using existing data sets, we already have CLAS data for the observables
do/dQ and ¥. The analysis of the first real photon beam run (CLAS-gla) with an unpolarized
photon beam has been completed[9]. The subsequent, much larger (20 times more) real photon
run data set (CLAS-glc) is being analyzed now. The first data with a linearly polarized beam
(CLAS-g8a) have also already been taken and are under analysis.]

The proposed experimental program will consist of five experiments with different combinations
of beam and target polarization:

1. Unpolarized beam — transversely-polarized target: Measurements of T

2. Linearly-polarized beam — transversely-polarized target: Measurements of H and P;
3. Linearly-polarized beam — longitudinally-polarized target: Measurements of G;

4. Circularly-polarized beam — transversely-polarized target: Measurements of F';

5. Circularly-polarized beam — longitudinally-polarized target: Measurements of FE.

Even though the recoil polarimeter is not available, P could be measured with linearly-polarized
beam and transversely-polarized target in configuration when polarization vectors are parallel/anti-
parallel.

Once all these observables are measured, Equations (1), (4), and (5), given in Appendix, could
be used for consistency check and evaluation of systematic uncertainties.

We will detect the recoil proton in CLAS and use the missing mass technique to identify 7 pho-
toproduction events, the same method as we used to obtain the data shown in Figs. 5 and 6[9]. The
effects on recoil proton momentum determination of straggling in the target material and multiple
Coulomb scattering in detector elements limit the angular coverage to cos ... range from —0.9
to 0.9. However, this angular range is more than sufficient to provide very stringent tests on any
current existing model or approach.

There are two main sources of background (and hence systematic uncertainties) associated with
this technique:

¢ multipion production
e production on bound nucleons in polarized target (dilution factor).

In order to gain control of the first background, we will select other event topologies: In addition
to recoil proton detection, we will require detection of n decay products. As for the dilution factor,
we will put an auxiliary carbon target downstream of the polarized target and measure yield from
the bound nucleons simultaneously.
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Summary

We propose to measure with CLLAS and the photon tagger in Hall B of Jefferson Lab the observables
do/dQ, X, T, P, E, F, G, and H in n photoproduction with a polarized photon beam and polarized
frozen spin target for W from 1.6 to 2.0 GeV, with cos 6. . range from -0.9 to 0.9. These data will
provide stringent tests of models of the nucleon, and provide a definitive data set for the nucleon
resonance spectrum. The proposed experimental program is a natural continuation of research
started in CLAS experiments E91-008[18] and E94-008[19], which measured 1 photoproduction on
the proton and deuteron.

The experimental configuration partially overlaps the approved experiment E01-104[20] (He-
licity structure of pion photoproduction). Some of the data could be taken simultaneously for
those two experiments. There are a few other experiments on the photoproduction of other mesons
(m, K,7n', p,w, etc.) that are being proposed or expected to be proposed in the near future. All
intend to use a frozen spin polarized target. The experimental conditions for these experiments are
similar, which may allow most of the data to be taken simultaneously.

The preparation of the full proposal and experiment itself will require extensive simulation in
order to determine optimal experimental conditions (electron beam energy, CLAS magnetic field,
target dimensions and position), acceptance and detection efficiency, and to estimate the expected
uncertainties and the required beam time. If the PAC finds this proposed experimental program
interesting, we believe a full proposal could be prepared by the next PAC meeting.

This polarized target, if built, would be an invaluable tool for new generation of real photon
experiments with CLAS, providing a combination of tools unique in the world.
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Appendix

The definitions of the variables commonly used to describe meson photoproduction experiments
could be found in Refs. [13, 17]. In n photoproduction there could be three polarized objects:
photon beam, target and recoil proton. Figure 7 shows the coordinate system we will be using.
The frame {z,y, z} is related to the target polarization, with the z-axis along the photon momentum
E the y-axis perpendicular to scattering plane § = k x q/ siné, and z-axis is defined as Z = § X 7.
The frame {z',v’, 2’} is related to the recoil proton polarlzatlon w1th Z'-axis along the 7 momentum
q, y'-axis is the same as y-axis, and z'-axis is defined as Z = ¢ x P

Figure 7: Coordinate systems for polarization vectors in 7 photoproduction in the c.m. system.

The differential cross sections may be determined by three groups of polarization experiments:

e polarized photons and polarized target (BT)

d
d—g = 0’0[1—PTZCOS2(p+Pm(_PTHSin2(p+P®F)

—Py(—T + PrPcos2p) — P,(—PrGsin2¢ + Py E)] , (1)

e polarized photons and recoil polarization (BR)

d
% = 0y [ 1 — Pr¥cos2¢ + Py (—=PrOg sin2¢p — Py Cy)
—Py(—P + PrT cos 2¢) — Py (PrO. sin2¢p + PoCy)] (2)

¢ polarized target and recoil polarization (TR)

d
d—; = 0'0[1+Py'P+Pz(Px'Tx'+Pz’Tz’)

+Py(T + PyX) — P, (PyLy — PyLy)], (3)

where o denotes the unpolarized differential cross section, Pr the transverse degree of photon
polarization, Pg the right-handed circular photon polarization, ¢ the angle between photon polar-
ization vector and reaction plane, and P the target polarization. Table 2 summarizes all polarization
observables.

These 16 observables are not completely independent. Their relations could be used for the
consistency check of the experimental data and for the evaluation of systematic uncertainties.
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Table 2: Polarization observables in pseudoscalar meson photoproduction. The entries in paren-
theses signify that the same polarization observables also appear elsewhere in the table.

Beam Target Recoil Target + Recoil
- - - - z! Yy 2! z! ! 2! 2!
- x Y z - - - z z x z
unpolarized 00 0 T 0 0 P 0 Ty  —Ly Ty L,
linear pol. -X H (-P) -G | Oy (=T) Oy |(=Ly) (Ty) (—=Ly) (—Tw)
circular pol. 0 F 0 —-E | -Cy 0 —Cy 0 0 0 0

Since in this letter we discuss only the Beam-Target group we present relations only for these
observables. There are two relations for this group:

and

E*+F2+G?+H>=1+P?>-%2-T72, (4)

13
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